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nfertilized eggs of the newt Cynops pyrrhogaster are arrested at the second meiotic metaphase. The primary signal for egg
activation is a transient increase in [Ca21]i, which is triggered by the fertilizing sperm and propagates over the egg cortex as
Ca21 wave. We injected an extract of Cynops sperm (SE) into unfertilized eggs and induced a wave-like [Ca21]i increase
hich resulted in activation and resumption of meiosis. The SE-injected eggs showed degradation of cyclin B1 and DNA
eplication. When SE was boiled or treated with proteinase K before injection, it was unable to cause egg activation.
reinjection of Ca21-chelator BAPTA before SE injection inhibited egg activation. These results indicate that a heat-labile
and proteinaceous factor in the sperm cytoplasm induces a transient increase in [Ca21]i which is required for egg activation.
njection of IP3 into unfertilized eggs caused an increase in [Ca21]i and egg activation, but injection of cADP-ribose did not.
hese results support the hypothesis that Ca21 release at fertilization occurs via IP3 receptors. © 2001 Academic Press
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In vertebrates, unfertilized eggs are arrested in the cell
cycle at the second meiotic metaphase. A fertilizing sperm
triggers egg activation, releasing the cell cycle arrest and
allowing the eggs to undergo further development. Intracel-
lular Ca21 ions are thought to be the signal messengers of
fertilization responsible for egg activation (Jaffe, 1985). The
primary activation signal for eggs in many animals involves
a single increase, or a series of transient increases, in
intracellular Ca21 levels ([Ca21]i) triggered by fertilizing
sperm (Stricker et al., 1999).
A transient increase in [Ca21]i is induced at fertilization
in both anuran and urodele amphibians (Busa and Nuc-
citelli, 1985; Kubota et al., 1989; Fontanilla and Nuccitelli,
1998; Grandin and Charbonneau, 1992; Yamamoto et al.,
1999). The artificial increase in [Ca21]i in unfertilized eggs
induces parthenogenetic egg activation, and the removal of
intracellular free Ca21 ions during fertilization inhibits egg
ctivation in the frog Xenopus laevis (Kline and Nuccitelli,
985; Kline, 1988) and the newt Cynops pyrrhogaster
Yamamoto et al., 1999). Thus, the transient increase in
[Ca21]i is clearly essential for egg activation in these species. 1
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trisphosphate (IP3) levels induces a transient increase in
Ca21]i in the eggs of Xenopus (Busa et al., 1985), sea urchins
(Swann and Whitaker, 1986), and hamster (Miyazaki et al.,
1992); the rise in [Ca21]i is probably induced through the IP3
receptors on the intracellular Ca21 store. It has also been
suggested that ryanodine receptors are involved in the
[Ca21]i increase in sea urchins and bovine eggs (Whitaker
nd Swann, 1993; Yue et al., 1995).
There are two major hypotheses to account for the [Ca21]i
increase: in the first, a sperm binds to a receptor on the egg
plasma membrane and then induces a signal transduction
pathway causing an increase in [Ca21]i. In the second, a
perm introduces factors into the egg, e.g., Ca21 itself, IP3, or
n undefined protein, that directly induce the increase in
Ca21]i. Sperm acrosomal protein reportedly induces
fertilization-like responses when applied externally in Ure-
chis caupo eggs (Gould and Stephano, 1987, 1991). There is
an increase in [Ca21]i and activation responses in Xenopus
hen peptides that contain an Arg-Gly-Asp (RGD) se-
uence, and which serve as ligands for integrins, are exter-
ally applied to their unfertilized eggs (Iwao and Fujimura,
996). Additionally, xMDC16, which is a protein on the
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90 Yamamoto et al.sperm of Xenopus, is reportedly involved in sperm–egg
binding (Shilling et al., 1997). The peptides from the disin-
tegrin domain of xMDC16 activate eggs when applied
externally (Shilling et al., 1998). It has also been reported
that a protease purified from Cynops sperm can induce
activation in Xenopus eggs when applied externally (Iwao et
al., 1994; Mizote et al., 1999). Thus, it seems that, at least
in Xenopus, the signal to activate eggs can be transmitted
hen the sperm bind to the egg surface. However, in
ynops, only a small number of eggs were activated follow-
ng application of the sperm protease (Iwao et al., 1994),
uggesting that another factor in Cynops sperm is involved
n egg activation. Further, it has been reported that injec-
ion of cytosolic sperm extracts into unfertilized eggs
aused a series of [Ca21]i increases in the hamster (Swann,
990), in marine worms (Stricker, 1997), and in ascidians
Kyozuka et al., 1998; Runft and Jaffe, 2000). A hamster
perm extract can induce an increase in [Ca21]i when
injected into mouse eggs (Oda et al., 1999). A porcine sperm
extract can also induce an increase in [Ca21]i when added to
sea urchin or Xenopus egg homogenates (Galione et al.,
997) and when injected into mouse or bovine eggs (Wu et
l., 1997). These sperm factors were inactivated by heating
r protease treatment, suggesting that the sperm factors are
roteinaceous.
In the present study, we demonstrated a transient in-
rease in [Ca21]i, similar to that caused by fertilizing sperm,
nduced by the injection of Cynops sperm extract (SE),
which resulted in resumption of the cell cycle. We also
observed degradation of cyclin B1 and DNA replication
induced by SE injection and we investigated whether the
increase in [Ca21]i was induced through the IP3 receptor.
MATERIALS AND METHODS
Solutions, Gametes, Chemicals, and Antibodies
Steinberg’s solution (SB) contained 58 mM NaCl, 0.67 mM KCl,
0.34 mM CaCl2, 0.85 mM MgSO4, 4.6 mM Tris–HCl (pH 7.4); De
oer’s solution (DB), 110.3 mM NaCl, 1.3 mM KCl, 1.3 mM CaCl2,
.7 mM Tris–HCl (pH 7.4); intracellular-like medium (ICM;
wann, 1990), 120 mM KCl, 20 mM Hepes (adjusted with NaOH,
H 7.5), 0.1 mM EGTA, 10 mM Na-b-glycerophosphate, 0.2 mM
henylmethanesulfonyl fluoride (PMSF), 1.0 mM DTT; NKP, 120
M NaCl, 7.5 mM KCl, 10 mM Na2HPO4 (adjusted with
NaH2PO4, pH 7.0), 4% polyvinylpyrrolidone (PVP); injection buffer
(IB), 5.0 mM KCl, 1.0 mM ethylene glycol bis-(b-aminoethyl
ther)-N,N,N9,N9-tetraacetic acid (EGTA), 50 mM Na2HPO4 (ad-
justed with NaH2PO4, pH 7.0), 4% PVP; healing buffer (HB), 5.0
mM KCl, 1.0 mM CaCl2, 50 mM Na2HPO4 (adjusted with
aH2PO4, pH 7.0), 4% PVP; Ca21-free buffer, 5.0 mM KCl, 1.0 mM
GTA, 50 mM Na2HPO4 (adjusted with NaH2PO4, pH 7.0); extrac-
ion buffer (EB), 80 mM Na-b-glycerophosphate (adjusted with HCl,
H 6.8), 20 mM EGTA, 15 mM MgCl2, 1.0 mM dithiothreitol
(DTT); blocking buffer (BB), 100 mM Tris–HCl (pH 7.5) containing
0.9% NaCl, 0.1% (v/v) Tween 20, 4% nonfat dry milk, or 20 mM
Tris–HCl (pH 7.5) containing 0.9% NaCl, 0.05% (v/v) Tween 20,
4% nonfat dry milk; Smith’s solution, 0.5% K2Cr2O7, 3.6% form-
ldehyde, 2.5% acetic acid; GV buffer (GVB), 250 mM sucrose, 5
Copyright © 2001 by Academic Press. All rightM MgCl2, 25 mM Tris–HCl (pH 7.4); and PBS, 10 mM Na2HPO4
(adjusted with NaH2PO4, pH 7.5), 0.9% NaCl.
Sexually mature newts, C. pyrrhogaster, were collected near
amaguchi, Japan, or purchased from dealers. Mature and fertilized
ggs were obtained by the methods described previously (Iwao et
l., 1997). Cynops eggs were dejellied in 1.5% sodium thioglycolate
pH 9.5), followed by washing with 100% SB. Dejellied eggs were
llowed to develop in 100% SB at 23°C. Insemination of dejellied
ggs was performed according to the method described by Matsuda
nd Onitake (1984) and Itoh et al. (1995). IP3 and cyclic adenosine
diphosphate-ribose (cADP-ribose) were purchased from Wako and
Sigma, respectively. Anti-Bufo cyclin B1 (2F5) monoclonal anti-
body was a kind gift from Dr. M. Yamashita (Hokkaido University).
Anti-a-tubulin monoclonal antibody (DM1A) was purchased from
Seikagaku Kogyo (Tokyo).
Preparation of Sperm Extract
Mature sperm obtained by squeezing males were suspended in
DB. After washing by centrifugation (3500g, 10 min, 2°C), the
pelleted sperm were suspended in ICM (1–50 3 106 sperm/ml). The
sperm suspension was sonicated (50 W, 15 s, four times on ice,
US50; Nissei, Tokyo) to disrupt sperm plasma membrane and then
centrifuged (10,000g, 20 min, 2°C). The supernatant was collected
as SE and stored at 280°C until use. In some experiments, proteins
in SE were denatured by boiling for 10 min or treatment with
proteinase K-conjugated agarose beads (Sigma). Ten milligrams of
proteinase K-conjugated agarose beads was equilibrated with 250 ml
ICM which lacked PMSF and DTT. The same volume of SE (50 3
106 sperm/ml) was mixed with proteinase K-conjugated agarose
beads and incubated for 1 h at room temperature. The mixture was
centrifuged at 500g for 5 min, and the supernatant was collected as
proteinase K-treated SE. In some experiments, SE was fractionated
by 10-kDa cut-off ultrafilter (SM 13239E; Sartorius). The fraction
which passed through the filter was collected after centrifugation
(1000g). Thirty-three nanoliters of SE which contains cytoplasm
from a certain number of sperm (1–50 3 106 sperm/ml) was injected
nto each egg. When we did not designated the number of sperm
ontained in SE, 33 nl of SE (10 3 106 sperm/ml) was injected, so
that the volume equivalent to the cytoplasm of 330 sperm was
injected into each egg.
Microinjection
Dejellied Cynops eggs were washed with NKP and transferred to
IB. The microinjection into eggs was carried out with a glass
micropipet having a tip diameter of 15–25 mm. The injected eggs
were placed in IB for 5 min and then incubated in HB for 5 min to
enhance wound healing. In some experiments, the eggs were
injected with SE in SB containing 4% PVP. The eggs were allowed
to develop in SB.
Measurement of Intracellular Ca21 Changes
Measurement of intracellular Ca21 was performed according to
he methods described by Iwao et al. (1996) with some modifica-
tions. Thirty-three nanoliters of aequorin (1 mg/1 ml; Wako Pure
Chemical) was injected into each egg in IB and the egg was
transferred into the vial filled with SB. The luminescence emitted
from aequorin in the presence of Ca21 was measured with a
luminometer (LB1253; Bio-Orbit Oy, Turku, Finland). The total
number of photons collected each 5 s was stored during the
s of reproduction in any form reserved.
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less than 0.2 photon/s.
Monitoring of Ca21 Wave
A Ca21 wave induced by insemination or by injection of SE was
monitored by the methods described by Kubota et al. (1987). The
highly sensitive aequorin used in this study was a kind gift from
Dr. Osamu Shimomura (MBL, Woods Hole, MA). Aequorin was
dissolved at a concentration of 10 mg/ml in water containing 100
mM EDTA and 10 mM Pipes at pH 7.0. The dejellied eggs were
immersed in 0.05 M phosphate buffer (pH 7.0) for 10 min, and then
25–50 nl of the aequorin solution was injected. Final concentra-
tions of aequorin and EDTA were approximately 0.5–1 mg/ml and
5–10 mM, respectively. About 10 min after injection, the eggs were
transferred to SB. An image was obtained by a two-dimensional
photon-counting system (Argus-100/VIM, Hamamatu Photonics).
Technical details were reported previously (Yoshimoto et al., 1989,
1991).
Immunoblotting
For detection of cyclin B1 in Cynops eggs, egg extracts were
prepared according to the method described by Sakamoto et al.
(1998) with some modifications. The dejellied eggs were washed
twice with ice-cold EB and placed in an Eppendorf tube. Excess
buffer was removed with filter papers. After addition of EB (2.5
ml/egg) containing 1.0 mM PMSF and 25 mg/ml leupeptin, the eggs
ere homogenized with a pipet tip. After centrifugation (10,000g,
20 min, 2°C), a cytoplasmic layer between lipid and yolk layers was
collected. After centrifugation (100,000g, 1 h, 2°C), clear superna-
tant was collected as an egg extract and stored at 280°C until use.
The egg extracts were separated by SDS–polyacrylamide gel elec-
trophoresis. Proteins were electrically transferred to polyvinyli-
dene difluoride membrane with a semidry electroblotting system
(ARE-6675; atto). After being blocked with BB for 2 h, the mem-
brane was incubated with anti-Bufo cyclin B1 (2F5) monoclonal
antibody diluted 1:500 or anti-a-tubulin antibody diluted 1:2000
with BB at 4°C overnight. Immunocomplexes were detected by use
of horseradish peroxidase-conjugated second antibody and en-
hanced chemiluminescence Western blotting detection reagents
(Amersham).
Visualization of BrdU Incorporated into DNA
The fertilized eggs were dejellied or the dejellied unfertilized
eggs were injected with SE. One hour after fertilization or SE
injection, 8 mM (final concentration) BrdU was injected. Five hours
after fertilization or SE injection, the egg was put on a glass slide
and the solution around the egg was removed. After addition of 10
ml of GVB, the egg was gently squashed by covering it with a
coverslip (18 3 18 mm) and the preparation was quickly frozen on
dry ice. The coverslip was peeled off, leaving the egg materials on
the glass slide. Squashed preparations were fixed in 100% methanol
for 10 min and hydrated with a graded methanol series. They were
treated with 2 N HCl for 30 min at room temperature. After being
washed with PBS, the preparations were blocked with normal horse
serum diluted with PBS for 20 min. The preparations were incu-
bated with anti-BrdU monoclonal antibodies (SYNB10; Sigma)
diluted 1:100 with PBS containing normal horse serum at 4°C
overnight. Immunocomplexes were detected by use of biotinylated
second antibody and ABC-AP detection system (Vectastain; Vector
Laboratories).
Copyright © 2001 by Academic Press. All rightCytological Methods
Eggs were fixed for 24 h with Smith’s solution, dehydrated in a
series of alcohol–amyl acetate, and embedded in paraffin. They
were cut into 15-mm-thick serial sections. Sections were stained by
eulgen reaction and fast green.
RESULTS
Egg Activation Induced by Injection
of Sperm Extract
Unfertilized Cynops eggs are arrested at the second mei-
otic metaphase until fertilizing sperm initiate egg activa-
tion. The eggs that showed resumption of meiosis and
emission of the second polar body (2nd PB) 1.5–2.5 h after
fertilization or injection were considered to be activated,
because Cynops eggs show no cortical granule exocytosis
and no cortical contraction at fertilization (Iwao and Masui,
1995). When unfertilized eggs were injected with a sperm
extract (SE, 33 nl/egg) equivalent to the cytoplasm obtained
from 330 sperm, all eggs (18/18) were activated and emitted
a 2nd PB 1.5–2 h after injection (Table 1). The egg nuclei
entered interphase and formed egg pronuclei 4 h after
injection (Fig. 1A), as did the egg pronuclei in the naturally
fertilized eggs (Fig. 1B). Most of the activated eggs under-
went abnormal cleavage 6–7 h after injection, probably due
to lack of sperm nuclei and centrosomes. When the eggs
were injected in IB (containing EGTA), 90 and 33% of the
eggs emitted a 2nd PB after injection of SE equivalent to 110
and 55 sperm, respectively (Fig. 2). The injection of SE
equivalent to 37 sperm did not induce 2nd PB emission. In
SB (not containing EGTA), 86 and 29% of the eggs under-
went activation after injection of SE equivalent to 55 and 8
TABLE 1
Egg Activation by Injection of Sperm Extract into Cynops Eggs
% of eggs which
resumed meiosisa
Sperm extract (SE) 100 (18/18)
Boiled SE 10 (2/20)
Proteinase K-agarose-treated SE 16 (6/38)
Arginine-agarose-treated SE 86 (31/36)
^10-kDa fraction 100 (17/17)
Boiled ^ 10-kDa fraction 10 (1/10)
,10-kDa fraction 0 (0/11)
ICM buffer 0 (0/16)
0.25 mM BAPTAb 1 SE 9 (2/23)
1 mM BAPTAb 1 SE 0 (0/12)
Distilled waterb 1 SE 84 (21/25)
a Showing percentage of eggs which emitted the 2nd PB 2.5 h
fter SE injection.
b Concentration in egg cytoplasm. The eggs were injected with
APTA or distilled water 30 min before SE injection.sperm, respectively (Fig. 2). The injection of SE equivalent
s of reproduction in any form reserved.
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noted, however, that the injection of ICM buffer in SB did
not cause the egg activation. The influx of Ca21 ions at
injection was not likely the trigger of egg activation. How-
ever, in order to avoid the artificial increase in the concen-
tration of intracellular Ca21, the injection of SE in the
following experiments was done in IB (containing EGTA).
When unfertilized eggs were injected with the boiled SE,
most (18/20) failed to emit a 2nd PB (Table 1), and their egg
nuclei were arrested at the second meiotic metaphase (Fig.
1C). When SE was treated with proteinase K-conjugated
agarose beads before injection, more than 80% (32/38) of the
eggs failed to emit the 2nd PB (Table 1). However, when SE
was treated with arginine-conjugated agarose beads as a
control, 86% (31/36) of the eggs emitted a 2nd PB (Table 1).
In addition, when SE was fractionated by a 10-kDa cut-off
filter, the activity was recovered in a ^10-kDa fraction
(Table 1). These results indicate that there is a heat-labile,
proteinaceous factor capable of causing egg activation in
Cynops sperm cytoplasm.
Increase in Intracellular Ca21 Level by SE Injection
In Cynops eggs, a transient increase of [Ca21]i was initi-
ted 5–20 min after insemination, peaked 10–20 min after
FIG. 1. Nuclei in SE-injected or fertilized eggs. (A) An egg nucleus
and a sperm pronucleus which entered interphase 4 h after insemin
injection of boiled SE. (D) An egg nucleus which entered interphas
ronucleus. Bar, 20 mm.nitiation, and continued for 30–50 min (Fig. 3A, a similar
Copyright © 2001 by Academic Press. All rightise was observed in all fertilized eggs (14/14)). This increase
n [Ca21]i was propagated in whole-egg cortex (Fig. 4A).
Initially, a local increase in [Ca21]i was observed on one side
f the egg surface, which was probably a sperm entry site.
ater, a band of increased [Ca21]i levels propagated toward
ch entered interphase 4 h after SE injection. (B) An egg pronucleus
. (C) An egg nucleus arrested at second meiotic metaphase 4 h after
after the injection of 25 mM IP3. EN, egg pronucleus; SN, sperm
FIG. 2. The dose–response curves of SE injection to induce 2nd PB
emission. The eggs were injected with 33 nl of SE and the emission
of the 2nd PB was counted 2.5 h after injection. Open circles,
injection of SE in IB; closed circles, injection in SB containing 4%whi
ation
e 4 hPVP. SE was injected into 7–18 eggs at each point.
s of reproduction in any form reserved.
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93Activation of Newt Eggs by a Sperm Extractthe opposite side. The Ca21 wave was detectable for 22 min
(Fig. 4A). The period of Ca21 rises detected by the luminom-
eter was longer than that of the Ca21 waves at fertilization,
because the lower level of the rises of [Ca21]i at the onset of
nd the end of [Ca21]i increase was detectable by the
uminometer. A similar rise in [Ca21]i was observed in all of
the eggs (8/8) after SE injection into unfertilized eggs (Fig.
3B). The rise was initiated within 1 min after injection (Fig.
3B) and the propagative wave became detectable 9 min after
injection (Fig. 4B). The band of elevated [Ca21]i reached the
pposite side about 20 min after the onset of the Ca21 wave
Fig. 4B). The velocity of the Ca21 wave in the SE-injected
egg was 5.0–6.0 mm/s, which was quite similar to that
bserved in the fertilized eggs (5.5–6.0 mm/s). When we
injected boiled SE into unfertilized eggs, a very small
FIG. 3. The change of intracellular free Ca21 level in aequorin-inj
of SE (B), to boiled SE (C), to ^10-kDa fraction of SE (D), or to ,10
SE injection in Ca21-free medium. The eggs were inseminated or in
1 min after insemination or injection.increase in [Ca21]i was detected immediately after injection, t
Copyright © 2001 by Academic Press. All rightut there was no large, propagative increase in [Ca21]i (Fig.
3C, 6/6 of the eggs). The activity that induced the propaga-
tive Ca21 increase was retained in the ^10-kDa fraction of
SE (Fig. 3D, the rise was induced in 7/7 of the eggs), but not
in the ,10-kDa fraction (Fig. 3E, the rise was induced in 0/6
of the eggs). Large spikes similar to those seen in the eggs
injected with ^10-kDa fraction (Fig. 2D) were sometimes
observed in fertilized or SE-injected eggs. Since a rise in
[Ca21]i was observed in the Ca21-free buffer (Fig. 3F, 5/5 of
the eggs), the rise in [Ca21]i induced by the SE injection is
due to the release of Ca21 ions from intracellular Ca21 stores
and not to the influx of Ca21 ions from the external
medium. Furthermore, when 1 mM Ca21-chelator BAPTA
as injected into unfertilized eggs, the egg activation by SE
njection was completely inhibited (Table 1). In these eggs,
Cynops eggs in response to fertilizing sperm (A), to the injection
fraction of SE (E) in Ca21-containing medium. (F) The response to
d with SE at 5 min (arrows) and the measurements were restartedected
-kDa
jectehe egg nuclei were arrested at the second meiotic meta-
s of reproduction in any form reserved.
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94 Yamamoto et al.phase (data not shown). These results indicate that the
increase in [Ca21]i is necessary for egg activation by SE
njection and by fertilization (Yamamoto et al., 1999).
Degradation of Cyclin B1 and DNA Replication
after Egg Activation by SE Injection
In Cynops eggs, the amount of cyclin B1, which is a
subunit of MPF, rapidly decreases after fertilization (Saka-
moto et al., 1998; Yamamoto et al., 1999). When the
cytoplasmic fractions were analyzed by Western blot with
anti-Bufo cyclin B1 antibody, a band of cyclin B1 (53 kDa)
was detected in unfertilized eggs (Fig. 5A, lane 1). The
53-kDa band disappeared within 30 min of fertilization (Fig.
5A, lanes 2 and 3). In SE-injected eggs, the band of cyclin B1
disappeared within 30 min of SE injection (Fig. 5B, lanes
1–3). In contrast, when boiled SE was injected, the amount
of cyclin B1 was slightly decreased at 30 min after injection
compared with eggs that were not injected (Fig. 5B, lanes 4
and 5), but a considerable amount of cyclin B1 was retained
FIG. 4. Propagative Ca21 waves in aequorin-injected Cynops eggs a
been injected with aequorin were inseminated or injected with S
system. There are light images of eggs before insemination or SE in
indicates a site of SE injection. Minutes after insemination or SE i60 min after injection (Fig. 5B, lane 6). However, the
Copyright © 2001 by Academic Press. All rightamount of a-tubulin was not decreased after injection of
oiled SE (Fig. 5C).
To investigate DNA replication after egg activation in-
uced by SE injection, the activated eggs were injected with
rdU that was incorporated into DNA and was visualized
y immunostaining with anti-BrdU antibody. Four hours
fter fertilization, both egg and sperm pronuclei incorpo-
ated BrdU during the S phase (Fig. 6A, 7/8 pairs of zygote
uclei). Since the Cynops eggs are physiologically polysper-
mic, between one and eight sperm enter into an egg at
fertilization. The accessory sperm nuclei also incorporated
BrdU during the S phase before degradation (Fig. 6B, 22/27
of the sperm nuclei in 8 eggs). No signals were observed in
the eggs that had not been injected with BrdU (Fig. 6D, 0/3
eggs) or in the eggs injected with BrdU but not processed
with anti-BrdU antibody (Fig. 6E, 0/5 eggs). In the SE-
injected eggs, the egg nucleus had incorporated BrdU (Fig.
6C, 6/8 of the egg nuclei). Thus, in Cynops eggs, SE
injection induces both resumption of meiosis by cyclin B
nsemination (A) or injection of SE (B). The dejellied eggs which had
he images were obtained by a two-dimensional photon-counting
on at the beginning of each series. An arrow in the light image (B)
ion are indicated at upper left of each image. Bars, 1 mm.fter i
E. T
jectidegradation as well as entry into the S phase.
s of reproduction in any form reserved.
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95Activation of Newt Eggs by a Sperm ExtractEgg Activation Induced by SE Injection through
IP3 Receptors
When unfertilized Cynops eggs were injected with 25 mM
(final concentration) IP3, all eggs (18/18) underwent activa-
ion to emit a 2nd PB 1.5–2.5 h after injection (Table 2). The
njection of 25 mM IP3 caused a transient increase in [Ca21]i
with a peak 1–3 min after injection (Fig. 7A, 4/4 injected
eggs). The onset of the [Ca21]i increase occurred more
apidly than that in the eggs activated by fertilizing sperm
Fig. 3A) or by SE injection (Fig. 3B). The injection of 100
mM IP3 induced the rise of [Ca21]i with a similar height and
period, compared with the egg injected with 25 mM IP3 (data
FIG. 5. Immunoblots of the proteins obtained from Cynops e
ertilization. Lane 1, unfertilized eggs; lane 2, 30 min after fertil
njection of SE (lanes 1–3) or boiled SE (lanes 4–6). Lanes 1 and 4,
in after injection. (C) Immunoblots of the proteins obtained from
Lane 1, uninjected eggs; lane 2, 30 min after injection; lane 3, 60 min
separated by SDS–polyacrylamide gel electrophoresis. The same reot shown). The injection of 10 nM IP3 induced the rise of j
Copyright © 2001 by Academic Press. All rightCa21]i with a little spike immediately after injection and a
ubsequent slow, small rise for about 10 min (Fig. 7B, 5/5 of
he eggs) and caused the egg activation. The injection of 5
M IP3 induced a very small rise of [Ca21]i (Fig. 7C, 5/5 of
the eggs), but no eggs underwent 2nd PB emission. In
IP3-injected eggs, the egg nuclei entered the interphase to
orm egg pronuclei 4 h after injection (Fig. 1D, 3/3 of the
ggs). These results demonstrate that Cynops eggs contain
ntracellular Ca21 stores sensitive to IP3 that probably
release Ca21 through IP3 receptors.
When unfertilized eggs were injected with 1–10 mM (final
oncentration) cADP-ribose, no eggs (0/4 of the eggs in-
ith anti-Bufo cyclin B1 antibody. (A) Extracts from eggs after
n; lane 3, 60 min after fertilization. (B) Extracts from eggs after
ected eggs; lanes 2 and 5, 30 min after injection; lanes 3 and 6, 60
ops eggs after injection of boiled SE with anti-a-tubulin antibody.
r injection. The proteins extracted from five eggs in each lane were
was obtained from samples prepared from another batch of eggs.ggs w
izatio
uninj
Cyn
afteected with 1 mM and 0/3 of the eggs injected with 10 mM
s of reproduction in any form reserved.
r96 Yamamoto et al.cADP-ribose) showed an increase in [Ca21]i (Fig. 7D). This
esult indicates that the [Ca21]i increase at activation in
Cynops eggs is not caused through ryanodine receptors.
DISCUSSION
Our findings indicate that Cynops sperm contain a cyto-
FIG. 6. Immunostaining with anti-BrdU antibody of BrdU which
sperm nucleus and (B) an accessory sperm nucleus in the eggs 5 h
(D) A zygote nucleus in a fertilized egg which had been injected w
egg injected with BrdU, but without processing for immunoreact
20 mm.plasmic factor that induces a transient increase in [Ca21]i
Copyright © 2001 by Academic Press. All rightlevels in unfertilized eggs, which propagates over the egg
cortex as a Ca21 wave like that which can be observed at
fertilization. In the injection of SE in SB, the SE equivalent
to at least eight sperm was necessary for egg activation.
However, some activity to cause egg activation might have
degraded during the preparation of SE. The rise in [Ca21]i
peaked 10–20 min after initiation and continued for 30–50
min in both fertilized eggs and SE-injected eggs. The height
incorporated into DNA during S phase. (A) An egg and a primary
fertilization. (C) An egg nucleus in the egg 5 h after SE injection.
istilled water instead of BrdU. (E) A zygote nucleus in a fertilized
ith anti-BrdU. EN, egg pronucleus; SN, sperm pronucleus. Bars,was
after
ith d
ion wof the peak in the Ca21 rise varied among experiments,
s of reproduction in any form reserved.
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97Activation of Newt Eggs by a Sperm Extractprobably due to the difference in the batches of eggs used.
SE seems to contain a factor that induces all the events at
egg activation, because SE injection induced DNA replica-
tion in the egg nucleus and also caused egg cleavage. The
rise in [Ca21]i here was much slower than that reported in
Xenopus eggs, in which the maximum [Ca21]i level was
observed 1 min after initiation, and continued for about 7
min (Iwao and Fujimura, 1996). The velocity of the Ca21
wave in Cynops eggs was 5–6 mm/s in both fertilized eggs
TABLE 2
Egg Activation by Injection of IP3 into Cynops Eggs
IP3a % of eggs which resumed meiosisb
25 mM 100 (18/18)
500 nM 100 (17/17)
200 nM 83 (5/6)
50 nM 71 (12/17)
10 nM 48 (11/23)
5 nM 23 (3/13)
1 nM 0 (0/12)
Distilled water 0 (0/7)
a Concentration in egg cytoplasm.
b Showing percentage of eggs which emitted the 2nd PB 2.5 h
fter IP3 injection.
FIG. 7. The change of intracellular free Ca21 level in aequorin-inje
(A), 10 nM IP3 (B), and 5 nM IP3 (C) or to the injection of 10 mM (fina
he onset of recording (arrow), and the measurement was restarted 1 m
Copyright © 2001 by Academic Press. All rightand SE-injected eggs. The velocity of the Ca21 wave is
imilar to that observed in sea urchin eggs (5 mm/s, Mohri
nd Hamaguchi, 1991), is somewhat slower than that in
enopus eggs (8 mm/s, Kubota et al., 1987; 5.7–8.9 mm/s,
ontanilla and Nuccitelli, 1998), and is much slower than
hat in medaka fish eggs (12 mm/s, Gilkey et al., 1978) and
hamster eggs (16–28 mm/s, Miyazaki et al., 1986). The
relatively long-lasting Ca21 wave in Cynops eggs is mainly
due to their large size (about 2.2 mm in diameter) rather
than to slow propagation.
The [Ca21]i increase in Cynops eggs was transient, but not
epetitive. When mouse eggs are injected with hamster or
oar SE, Ca21 oscillations occur, characterized by repetitive
short increases in [Ca21]i (Wu et al., 1997, 1998; Oda et al.,
999). The SE of the marine worm also induces Ca21
oscillations when injected into eggs (Stricker, 1997), yet the
addition of boar SE to a homogenate of sea urchin eggs or
Xenopus eggs induces a single large increase in [Ca21]i
(Galione et al., 1997; Jones et al., 1998; Parrington et al.,
999). Thus, whether the factor in SE induces Ca21 oscilla-
tion or a single rise in [Ca21]i depends on the properties of
he eggs, and the properties of Cynops eggs are probably
ore similar to those of Xenopus and sea urchin eggs than
o those of mouse and marine worm eggs.
Since the ability to induce egg activation as well as an
ncrease in Ca21 was eliminated by boiling or proteinase K
treatment, the sperm factor that induces egg activation is
eggs in response to the injection of 25 mM (final concentration) IP3
centration) cADP-ribose (D). The eggs were injected at 5 min aftercted
l conin after injection.
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98 Yamamoto et al.probably a heat-labile, proteinaceous molecule(s). This is
consistent with the finding that the Ca21 level oscillation
induced by extracts of hamster, porcine, and marine worm
sperm is lost after boiling or treatment with proteases
(Swann, 1990; Wu et al., 1997; Jones et al., 1998; Stricker,
997).
When boiled SE was injected into unfertilized Cynops
ggs, a small, brief rise in [Ca21]i was detected immediately
after injection. At fertilization, a rapid, spike-like rise in
[Ca21]i was also detected at the initial phase of the [Ca21]i
increase (Fig. 3A; Yamamoto et al., 1999). In SE-injected
eggs, however, a large increase in [Ca21]i occurred immedi-
ately after injection, which made it difficult to determine
whether the initial Ca21 rise was induced. The small initial
ise was not detected at the injection of the ,10-kDa
raction of SE or ICM buffer (data not shown). These results
ndicate that the small initial rise of [Ca21]i was induced by
heat-stable factor whose molecular weight is greater than
0 kDa. It should be noted, however, that an injection of
oiled SE did not activate most eggs, which indicates that
he heat-stable factor is not involved in the activation of
ynops eggs.
The amount of cyclin B1 decreased rapidly after both
ertilization and SE injection in Cynops eggs, indicating
hat SE injection induced inactivation of MPF to cause the
esumption of meiosis. In Cynops, the artificial increase in
Ca21]i in unfertilized eggs is reported to induce egg activa-
tion and a decrease in the amount of cyclin B1, and
preinjection with BAPTA is reported to inhibit the egg
activation induced by fertilization (Yamamoto et al., 1999).
Since preinjection with BAPTA inhibits activation induced
by SE injection, the egg activation by SE injection is also
dependent on a transient increase in [Ca21]i. The injection
of boiled SE induced a small decrease of cyclin B1, but did
not induce 2nd PB emission in most eggs. The decrease of
cyclin B1 may be due to a heat-stable factor which triggers
the small, transient increase of [Ca21]i (see Fig. 3C). In order
o discuss the significance of the decrease in the amount of
yclin, further detailed experiments will be necessary.
Injection of IP3 into unfertilized Cynops eggs triggered a
transient increase in [Ca21]i, indicating that the [Ca21]i
increase is induced through the IP3 receptors on the cortical
endoplasmic reticulum of Cynops eggs. It has been reported
that injection of IP3 induces an [Ca21]i increase in eggs of
many species: Xenopus, sea urchin, mouse, hamster, bo-
ine, and ascidian (Whitaker and Swann, 1993; Yue et al.,
995; Miyazaki et al., 1998). Injection of cADP-ribose also
riggers an increase in [Ca21]i in sea urchin and bovine eggs,
but not in frog, mouse, hamster, or ascidian eggs (Whitaker
and Swann, 1993; Yue et al., 1995; Miyazaki et al., 1998). In
Cynops eggs, injection of cADP-ribose, whose concentra-
tion was much higher than that in studies of sea urchin or
bovine eggs, did not induce a [Ca21]i increase. Thus, the
Ca21]i increase induced by fertilizing sperm or SE injection
s probably mediated by IP3 receptors rather than by ryan-
odine receptors in Cynops eggs.
We demonstrated that newt sperm contain a factor that
Copyright © 2001 by Academic Press. All rightinduces an increase in [Ca21]i in egg cytoplasm, resulting in
complete egg activation. Further, our findings indicate that
a signal for this increase is transmitted from the sperm
following its fusion with the membrane of the egg at
fertilization in the newt. This notion is consistent with
previous reports that, compared with Xenopus eggs, unfer-
tilized newt eggs are resistant to a brief, transient increase
in [Ca21]i induced by needle-pricking and that extended
treatment with higher concentrations of the Ca21 ionophore
is necessary for artificial activation of newt eggs (Iwao and
Masui, 1995). However, no study has determined whether
the initial [Ca21]i increase occurs at sperm–egg binding or
after sperm–egg fusion in amphibian fertilization. It is
unclear whether a newt sperm contains enough of the factor
to induce activation in the cytoplasm of the egg. Further-
more, a small number of eggs can be activated by external
treatment with a sperm extract containing a sperm protease
(Iwao et al., 1994). Further investigations are necessary to
etter determine whether the sperm cytoplasmic factor is
he major agent responsible for egg activation in newt
ertilization.
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